-L-Arabinofuranosidase from the hyperthermophilic bacterium Thermotoga maritima (Tm-AFase) is an extremely thermophilic enzyme belonging to glycoside hydrolase family 51. It can catalyze the transglycosylation of a novel glycosyl donor, 4,6-dimethoxy-1,3,5-triazin-2-yl (DMT)--D-xylopyranoside. In this study we determined the crystal structures of Tm-AFase in substrate-free and complex forms with arabinose and xylose at 1.8-2.3 Å resolution to determine the architecture of the substrate binding pocket. Subsite À1 of Tm-AFase is similar to that of -L-arabinofuranosidase from Geobacillus stearothermophilus, but the substrate binding pocket of Tm-AFase is narrower and more hydrophobic. Possible substrate binding modes were investigated by automated docking analysis.
Hemicelluloses are key structural components of plant cell walls, along with celluloses, pectins, and lignins. Arabinoxylan, a major component of hemicelluloses, is composed of a backbone of -1,4-linked D-xylopyranosyl residues modified by side chain substituents such as L-arabinofuranosyl, O-acetyl, feruloyl, p-coumaroyl, and glucuronic residues. 1) Recently, the enzymatic hydrolysis of xylans has become an attractive field of investigation due to biotechnological applications in ethanol production for biofuel and in the food and feed industries.
2,3) -L-Arabinofuranosidase (EC 3.2.1.55, AFase) is a hemicellulase that catalyzes the hydrolysis of terminal non-reducing -1,2, -1,3, and -1,5 L-arabinofuranosyl linkages in hemicelluloses such as arabinoxylan. 4) Recombinant AFase from the hyperthermophilic bacterium Thermotoga maritima MSB8 (TM0281, Tm-AFase), which belongs to glycoside hydrolase (GH) family 51, is the most thermophilic AFase purified and characterized thus far.
5) Tm-AFase is stable at its optimal reaction temperature of 90 C for at least 24 h. It contains 484 amino acids and has a molecular mass of 55.3 kDa. It shows high hydrolytic activity toward p-nitrophenyl(pNP)--L-arabinofuranoside (pNP-Ara, K m ¼ 0:416 mM and k cat ¼ 21:7 s À1 ) and slight activity toward pNP--D-xylopyranoside (pNP-Xyl, K m ¼ 2:02 mM and k cat ¼ 0:116 s À1 ) at 80 C. The k cat =K m value for pNPXyl is about 0.1% of that for pNP-Ara. -D-Xylopyranosidase activity is commonly observed in AFases due to the structural similarity of -D-xylopyranoside to -L-arabinofuranoside. 6, 7) Recently, the crystal structure of a thermostable GH51 AFase from Thermotoga petrophila RKU-1 (Tp-AFase), whose optimum catalytic temperature is 65-70 C, was reported, and the structural basis for its protein stability was explained, 8, 9) but the structure was determined at low resolution (3.1 Å ), and its interaction with substrates remains unclear.
Recently, a novel glycosyl donor, 4,6-dimethoxy-1,3,5-triazin-2-yl (DMT)-glycoside, was developed for chemo-enzymatic oligosaccharide synthesis. 10) DMTglycosides can be synthesized easily in water without using any protection groups, and they are efficient glycosyl donors for enzymatic glycosylation and substrates for hydrolysis by an endo-1,4--glucanase, [10] [11] [12] [13] but there has been no structural analysis of the reactions of DMT-glycoside substrates catalyzed by GHs.
In this study, we found that Tm-AFase exhibited higher activity against DMT--D-xylopyranoside (DMTXyl) than pNP-Xyl and that it produced several DMTxylooligosaccharides by transglycosylation (condensation) reactions. Here we report the crystal structures of Tm-AFase in substrate-free and complex forms with arabinose and xylose at 1.8-2.3 Å resolution. Interactions between the enzyme and the substrates were predicted by automated docking. * Present address: Department of Biobased Materials Science, Kyoto Institute of Technology, Kyoto 606-8585, Japan y To whom correspondence should be addressed. Fax: +81-3-5841-5151; E-mail: asfushi@mail.ecc.u-tokyo.ac.jp
Abbreviations: AFase, -L-arabinofuranosidase; Tm-AFase, AFase from Thermotoga maritima; GH, glycoside hydrolase; pNP, p-nitrophenyl; pNP-Ara, pNP--L-arabinofuranoside; pNP-Xyl, pNP--D-xylopyranoside; Tp-AFase, AFase from Thermotoga petrophila; DMT, 4,6-dimethoxy-1,3,5-triazin-2-yl; DMT-Xyl, DMT--D-xylopyranoside; EG, ethylene glycol; Gs-AFase, AFase from Geobacillus stearothermophilus; RMSD, root mean square deviation Biosci. Biotechnol. Biochem., 76 (2), [423] [424] [425] [426] [427] [428] 2012 Communication An expression plasmid was prepared by inserting the tm0281 gene of plasmid pE32Tmaf1 5) into the NdeI and SalI sites of pET-28a(+) vector (Novagen, Madison, WI). The N-terminally His-tagged recombinant TmAFase protein was expressed in Escherichia coli BL21 CodonPlus (DE3) (Stratagene, La Jolla, CA). The transformants were cultured at 37 C in Luria-Bertani medium containing 50 mg/mL of kanamycin until A 600 reached 0.6. Protein expression was induced by the addition of 0.5 mM of isopropyl--D-thiogalactoside over 5 h. After centrifugation, the cells were resuspended in 20 mM Tris-HCl (pH 8.0) and lysed via sonication, followed by centrifugation to remove cell debris. TmAFase was purified by heat treatment (70 C, 30 min), Ni-NTA superflow (Qiagen, Hilden, Germany), and HiLoad 16/60 Superdex 200 preparation grade (GE Healthcare, Buckinghamshire, England) column chromatography. The purified protein was dialyzed against 5 mM Tris-HCl (pH 8.0) and concentrated to 14.6 mg/mL for crystallization. The protein concentration was determined with a BCA protein assay kit (Pierce, Rockford, IL) using bovine serum albumin as standard.
DMT-Xyl was synthesized as follows: To a solution of xylose (1.5 g, 10 mmol) in H 2 O (20 mL), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride (5.5 g, 20 mmol) and 2,6-lutidine (2.3 mL, 20 mmol) were added, and the resulting solution was stirred for 24 h at room temperature. After confirmation of the disappearance of xylose by TLC (CHCl 3 / CH 3 OH = 3/1), the solvent was evaporated and the residue was purified by means of silica gel column chromatography (CHCl 3 /CH 3 OH = 9/1). The residue was crystallized from ethanol, giving rise to DMT-Xyl (880 mg, 30%). Crystals of Tm-AFase were prepared by sitting-drop vapor diffusion at 20 C, by mixing 1 mL of a protein solution with 1 mL of a reservoir solution consisting of 1 M sodium citrate, 0.1 M Tris-HCl (pH 7.0), and 0.2 M NaCl. The ligand-free crystals were cryoprotected in the reservoir solution supplemented with 10% (v/v) ethylene glycol (EG). Arabinose complex crystals were prepared by soaking the crystals in the reservoir solution supplemented with 100 mM L-arabinose and 20% (w/v) trehalose (as cryoprotectant). Xylose complex crystals were prepared by soaking the crystals in the reservoir solution supplemented with a saturating concentration of D-xylose, which also served as cryoprotectant. The crystals were flash-cooled in a nitrogen stream at 100 K. X-ray diffraction data were collected at beamline BL5A at the Photon Factory, High Energy Accelerator Research Organization (KEK, Tsukuba, Japan) and at beamline BL26B1 at SPring-8 (Nishi-Harima, Japan). Diffraction images were processed using HKL2000.
14)
The crystal structure of Tm-AFase was solved by molecular replacement using the structure of GH51 AFase from Geobacillus stearothermophilus T6 (Gs-AFase, chain A) 7) as search model. Tm-AFase and Gs-AFase show 35.3% amino acid sequence identity. Molecular replacement was performed using MOLREP. 15) Manual model rebuilding, the introduction of water molecules, and refinement were performed using Coot 16) and Refmac5. 17) The quality of the final structure was analyzed using MolProbity. 18) Figures were prepared using PyMol (Schrödinger Inc., Portland, NY). The coordinates and structure factors have been deposited in Protein Data Bank (PDB IDs: 3UG3, 3UG4, and 3UG5).
Automated docking analysis was performed as described previously. 19) Ligand model preparation and automated docking were performed using the PCModel program (Serena Software, Bloomington, IN) and AUTODOCK 4.0. 20) The arabinofuranose ring of ligands was constructed in the 4 E conformation, based on the structure of pNP-Ara bound to Gs-AFase.
7)
Docking pNP-Ara into the active site of Gs-AFase mimicked the experimentally derived structure, validating our docking methodology (data not shown). Multiple xylopyranose ring conformers, observed in Michaelis complex structures of GH enzymes (e.g., B 3O , 14 B, 2 S O , and 1 S 5 ), were docked by our method. The results were similar, but the 1 S 3 conformer gave larger numbers of conformations in the best cluster and a lower estimated free energy of docking. Hence the xylopyranose ring of ligands was constructed in the 1 S 3 conformation. Figure 1 shows the enzyme reactions of the xylose derivative substrates (DMT-Xyl and pNP-Xyl) with TmAFase. In the absence of Tm-AFase, DMT-Xyl was slowly hydrolyzed during incubation (lane 2). Several spots were observed after 1 h of incubation when DMTXyl was employed as substrate for Tm-AFase (lane 3). On the contrary, no product was observed after 24 h of incubation when pNP-Xyl was employed as substrate (lane 5). Therefore, -D-xylopyranosidase activity was too low to be detected at 30 C. In lane 3, in addition to the hydrolysis product (Xyl), four spots, corresponding to DMT-xylooligosaccharides and xylobiose (Xyl 2 ), were identified, indicating that Tm-AFase catalyzed transglycosylation (condensation) reactions. HPLC and NMR analyses revealed that 20% of the substrate participated in the transglycosylation reaction, and that the products were Xyl-1,3-Xyl-DMT (13%), Xyl-1,2-Xyl-DMT (11%), and an unidentified DMT-xylotrioside (2%; Xyl-1,3-Xyl-1,3-DMT or Xyl-1,2-Xyl-1,3-DMT) (Supplemental Figs. S2 and S3 ). This indicates that the -D-xylopyranosyl sugar was efficiently recognized when the enzyme by the DMT group was introduced. DMT-Xyl can be recognized as both a glycosyl donor and an acceptor substrate, forming both Xyl-1,3-and Xyl-1,2-bonds.
The ligand-free, arabinose complex, and xylose complex structures of Tm-AFase were determined at 1.80, 2.15, and 2.30 Å resolution, respectively (Supplemental Table S1 ). The Tm-AFase crystals belong to the space group P2 1 and contain a hexamer in the asymmetric unit ( Fig. 2A) . The structures of the six monomers are almost identical in all of the three AFase structures, as the root mean square deviations (RMSDs) for all C atoms (residues 2-484) between all pairs are within 0.32 Å . Hence we describe chain A, unless otherwise noted. The interfaces between the six monomers of the ligand-free structure were analyzed using the PDBePISA server.
21
) The average area of the three dimer interfaces (A-D, B-E, and C-F; 616 Å 2 ) is comparable to that of the six trimer interfaces (A-B, B-C, C-A, D-E, E-F, F-D; 639 Å
2 ). The hexameric assembly of Tm-AFase is similar to those of other GH51 AFases (e.g., Gs-AFase and Tp-AFase). All crystals contain one Tris molecule per monomer (six in the asymmetric unit) at the subunit interfaces ( Fig. 2A , magenta spheres). These Tris molecules are derived from the reservoir solution and form packing interactions in the trimerization of the dimers. In the arabinose and xylose complex structures, Tris molecules are additionally bound to the active site cleft (discussed below). The ligand-free structure contains 51 EG molecules, derived from the cryoprotectant, in the asymmetric unit ( Fig. 2A, yellow spheres) . The EG molecules bound mainly to the surface of protein, but 18 of them are found in the active site cleft (three molecules per monomer, discussed below).
Each monomer consists of two domains: an Nterminal ð=Þ 8 TIM barrel (residues 2-357) and a C-terminal 12-stranded -sandwich (residues 358-484; Fig. 2B ). The catalytic residues of Tm-AFase, Glu172 (the acid/base catalyst), and Glu281 (the nucleophile), 5) are located at the C-termini of -4 and -7 of the TIM barrel fold, respectively. Thus Tm-AFase has typical characteristics of the clan GH-A as a member of GH51. 22) In the -sandwich domain, there is a -hairpin motif (residues 367-391), and it extends to periphery of the active site (Fig. 2B) . This motif is an insertion that is present exclusively in GH51 AFases from Thermotoga.
9) A structural similarity search using the PDBeFold server 23) indicated that Tm-AFase is most similar to Gs-AFase (PDB ID: 1PZ3, Q score = 0.71, RMSD = 1.45 Å for 458 residues). The PDB entry for the Tp-AFase structure (PDB ID: 3S2C) has not been released, and no detailed structural comparison was done in this study. In the Tm-AFase structure, however, we also found structural features similar to those reported in the literature (e.g., the -hairpin motif and oligomeric interfaces through polar and electrostatic contacts).
9) The key polar residues involved in the hexamer stabilization of Tp-AFase are conserved in TmAFase. The main chain traces of the three Tm-AFase structures determined here (ligand-free, arabinose complex, and xylose complex) are almost identical to the RMSD for all the C atoms between all monomer pairs across the three structures within 0.34 Å . Thus no significant structural change upon ligand binding was observed.
In the ligand-free structure, three EG molecules are bound to subsites À1, þ1, and þ2 in the active site cleft (Fig. 2B and Supplemental Fig. S4A ). In the arabinose complex structure, three arabinose (-L-arabinofuranose) molecules are bound to subsites À1, þ2, and þ3, and one Tris molecule to subsite þ1 (Fig. 3A and Supplemental Fig. S4B ). In the xylose complex structure, one Tris molecule is bound to subsite À1, and one xylose (-D-xylopyranose) molecule to subsite þ1 ( Fig. 3B and Supplemental Fig. S4C ). The electron density maps for the ligands are sufficiently clear to determine the sugar conformations and orientations (Supplemental Fig. S4 ). All of the arabinose and xylose molecules bound to the substrate binding sites are in the relaxed conformations, E 3 and 4 C 1 respectively. These active site structures are almost identical among the six monomers, with the one exception of chain C of the arabinose complex structure, in which the Tris molecule at subsite þ1 is replaced with water molecules.
The arabinose molecule at subsite À1 is recognized by direct hydrogen bonds with the side chains of Glu26, Asn171, Glu172, Tyr237, Glu281, and Gln326, the main chain of Asn71, and the Tris molecule at subsite þ1 (Fig. 3A) . These interactions at subsite À1 are similar to those of Gs-AFase (discussed below). The arabinose molecules bound at subsites þ2 and þ3 appear to be oriented irregularly, since the O1 hydroxyls are not directed to the following subsites (þ3 and þ4), and the ring oxygen (O4) atoms face each other across the þ2 and þ3 subsites. Thus these arabinose molecules appeared to be artificially bound.
In the xylose complex structure (Fig. 3B) , the xylose molecule bound at subsite þ1 forms hydrogen bonds with Asn71, Glu172, the Tris molecule at subsite À1, and a water molecule. The Trp177 side chain forms a stacking interaction with the hydrophobic face of the xylopyranose ring. The O4 hydroxyl group is directed to subsite þ2, whereas the O2 and O3 hydroxyls are directed to subsite À1. Thus the arabinose at subsite À1 and the xylose at subsite þ1 appear to represent -1,2-or -1,3-linked arabinofuranosyl side chains that are present in natural arabinoxylans. 4 ) Although this appears to contradict the result such as Tm-AFase does not hydrolyze arabinoxylan, 5) the molecular surface of Tm-AFase in complex with arabinose and xylose ( Fig. 4A and B) illustrates a substrate binding pocket too narrow to accept the arabinoxylan polymer. Combined with the fact that Tm-AFase is predicted to be an intracellular enzyme without a signal sequence, this enzyme might play a role in hydrolyzing arabinofuranosyl side chains of xylooligosaccharides in T. maritima cells. T. maritima possesses two extracellular GH10 xylanases, 24) and upstream gene products of Tm-AFase (TM0278 and TM0279) have been predicted to form a sugar permease. 25 ) Figure 3C shows superimpositions of the complex structures of Tm-AFase (green) with arabinose at subsite À1 (yellow) and xylose at subsite þ1 (cyan), and GsAFase with Ara-1,3-Xyl (magenta).
7) The surrounding residues and interactions with the arabinose (or arabino- side) at subsite À1 are identical between Tm-AFase and Gs-AFase. Compared with the xylose moiety of Ara-1,3-Xyl in the Gs-AFase structure, the xylose molecule at subsite þ1 of Tm-AFase is rotated approximately 60 around an axis perpendicular to the pyranose ring plane. The structural observation is consistent with our analysis of the transglycosylation products (the formation of Xyl-1,3-and Xyl-1,2-bonds), because the xylose molecule bound at subsite þ1 directs its O2 and O3 hydroxyls to subsite À1.
A conserved Trp residue of GH51 AFases (Trp177 in Tm-AFase and Trp180 in Gs-AFase) provides a hydrophobic platform at subsite þ1. Figure 4C shows the molecular surface of Gs-AFase in complex with Ara-1,3-Xyl. Compared with Gs-AFase, Tm-AFase has a narrower substrate binding pocket (Fig. 4A and B) due to two aromatic residues (Phe378 and Tyr174), and a salt bridge between Asp213 and Arg256. Phe378 is located in the -hairpin motif insertion that is unique to Tm-AFase and Tp-AFase.
To obtain probable binding models of Ara-1,3-Xyl, Ara-1,2-Xyl, and DMT-Xyl with Tm-AFase, we performed an automated docking analysis. The best docking results for all of the ligands were found in the firstranked cluster containing a majority of the docking run conformations (Supplemental Table S2 ). The predicted binding mode of Ara-1,3-Xyl to Tm-AFase (Fig. 5A) is very similar to that of Ara-1,3-Xyl complexed with Gs-AFase (Fig. 3C) . In comparison with Ara-1,3-Xyl, the xylose moiety of the docked Ara-1,2-Xyl (Fig. 5B) is rotated approximately 60 and forms a stacking interaction with Trp177 at the same side of the sugar ring. The xylose bound at subsite þ1 of Tm-AFase ( The predicted binding mode of DMT-Xyl to TmAFase is shown in Fig. 5C . Subsite À1 of Tm-AFase accommodates the xylopyranose moiety, as discussed previously.
7) The pNP-Ara complex of Gs-AFase is shown in Fig. 5D for comparison. The DMT-group is larger than the pNP-group due to two methoxy groups at positions 4 and 6. Thus the DMT-group of the docked ligand appears to be strongly bound to the hydrophobic platform of the aromatic indole side chain of Trp177. The narrow hydrophobic binding pocket of Tm-AFase (Fig. 4A and B ) might be suitable for accepting DMTglycosides as both donor and acceptor substrates. 
